ABSTRACT The advent of atomic force microscopy (AFM) provides a powerful tool for imaging individual DNA molecules. Chemotherapy drugs are often related to DNAs. Though many specific drug-DNA interactions have been observed by AFM, knowledge about the dynamic interactions between chemotherapy drugs and plasmid DNAs is still scarce. In this work, AFM was applied to investigate the nanoscale interactions between plasmid DNAs and two commercial chemotherapy drugs (methotrexate and cisplatin). Plasmid DNAs were immobilized on mica which was coated by silanes in advance. AFM imaging distinctly revealed the dynamic changes of single plasmid DNAs after the stimulation of methotrexate and cisplatin. Geometric features of plasmid DNAs were extracted from AFM images and the statistical results showed that the geometric features of plasmid DNAs changed significantly after the stimulation of drugs. This research provides a novel idea to study the actions of chemotherapy drugs against plasmid DNAs at the single-molecule level.
INTRODUCTION
Cancer is a leading cause of death in both more and less economically developed countries [1] . We know that cancer treatment is a three-legged stool sitting on a base of surgery, radiation therapy, and chemotherapy [2] . However, chemotherapy is the main treatment of cancers [3] . Many chemotherapy drugs target DNAs or influence DNAs [4] . Hence, detailed information about drug-DNA interactions is critical to our understanding of drug actions and can help us to design better drugs.
However, traditional biochemical experiments which are done in test tube with bulk molecules are unable to observe the behaviors of single biological molecules after the stimulation of drugs [5] . The advent of atomic force microscopy (AFM) provides a powerful tool for directly imaging single biological molecules in their native states with nanometer spatial resolution, such as DNAs [6] , antibodies [7] , and membrane proteins [8] . With AFM, we can directly observe the morphological changes of single DNAs after the treatment with drugs in aqueous environment [9] . Besides morphology imaging, AFM can also measure the mechanics of single DNA by stretching the molecule [10, 11] . Especially the development of high-speed AFM brings new opportunities for studying the structure and dynamics of single biomolecules in action [12] . In the past decade, the applications of AFM in DNA-related research have provided plenty of novel insights into the behaviors of single DNAs [13] [14] [15] [16] [17] [18] . Researchers have applied AFM to investigate the interactions between diverse drugs and DNA molecules [19] [20] [21] [22] [23] [24] , but these studies are commonly done with linear DNAs. Information about the dynamic interactions between chemotherapy drugs and plasmid DNAs at the nanoscale is still scarce. Besides, there is still a lack of simple methods for extracting the quantitative information of the plasmid DNA from AFM images. Methotrexate [25] and cisplatin [19] are two clinically-used chemotherapy drugs which interact with DNAs. To our knowledge, so far how methotrexate and cisplatin cause the dynamic changes of single plasmid DNAs is still unknown. In this work, with the use of AFM, the dynamic changes in morphology and geometry of individual plasmid DNAs after the treatment with methotrexate and cisplatin were revealed.
MATERIALS AND METHODS

Mica modification
Mica was coated by aminopropyltriethoxy silane (APTES) [6] via the method of vapor deposition. APTES was purchased from Sigma-Aldrich (Saint Louis, MO, USA). The detailed procedure for mica modification was as follows. A piece of mica (1cm×1cm) was attached to a metal disk via a double faced adhesive and then the top layer of the mica was removed. The metal disk was placed in a Petri dish and then put into a glass desiccator. Twenty microliter of APTES was dropped onto another fresh Petri dish and then put into the glass desiccator. The glass desiccator was lidded to incubate for 12 h. After the incubation, the mica was washed by ultrapure water (18.2 MΩ cm) (Direct-Q, Merck Millipore, USA) and then dried by compressed air. The treated mica was used for immobilizing plasmid DNAs. (5 ng μL −1 ). The drug solution and plasmid DNA solution were mixed and then incubated for a certain time (30 min, 60 min) at room temperature. The plasmid DNA solution (without or with drug) was dropped on the APTES-coated mica and incubated for 1 min. The mica was washed with ultrapure water for three times and dried in compressed air. The sample was put on the AFM stage for imaging.
Sample preparation
AFM imaging
A Multimode AFM (Bruker, Santa Barbara, CA, USA) was used in the experiments, as shown in Fig. 1a . There was an optical microscope at the top of AFM to observe the AFM probe and the sample. AFM images were obtained at a tapping mode in air. The type of probe used was TESP (Bruker, Santa Barbara, CA, USA) with a nominal spring constant of 42 N m −1 (Fig. 1b) . The driving frequency was about 326.5 kHz (Fig. 1c) . The scan rate was 1 Hz. The scan line was 256 and the sampling point for each scan line was 256. In order to obtain the scan force of the tapping cantilever, the force curves were firstly obtained on a rigid substrate and the deflection sensitivity (nm V −1 ) of the cantilever was calibrated from the force curves. The deflection of cantilever during tapping mode was computed from the deflection sensitivity and the amplitude (Fig. 1c) . Then the scan force was obtained according to the Hooke's law (F=kx, where k is the spring constant of the cantilever and x is the deflection of the cantilever). By modulating the amplitudes, different scan forces were obtained. About 50 AFM images of the plasmid DNAs were obtained from the control group (without the stimulation of drugs). For each situation of the drug group (with different drug concentrations and incubation times), also about 50 AFM images were obtained. These AFM images were then used to analyze the dynamic changes of the geometric features of plasmid DNAs. shows the AFM image of the plasmid DNAs on bare mica. The red curve in Fig. 2f is obtained from the section curve along the red line in Fig. 2b , showing that the height of the DNA is~2 nm which is significantly larger than that of a single DNA measured by AFM. The theoretical diameter of the double helix DNA is 2 nm [26] . But in AFM imaging, due to the compression of DNA caused by the AFM tapping tip, the height of a single DNA (0.5-1 nm [9, 27] ) is often much less than 2 nm. In fact, the blue curve in Fig.  2f is obtained from the section curve of a single DNA along the blue line in Fig. 2e , showing that the height of the plasmid DNA is 0.4-0.6 nm, significantly less than the result of Fig. 2b . Hence the result in Fig. 2b is deemed to originate from multiple plasmid DNAs, indicating that the plasmid DNAs aggregated on bare mica. Because mica and DNA are both negatively charged [6] , DNA will not tightly adhere to bare mica. After dropping DNA solution onto the bare mica, the DNAs on the mica can then aggregate during the subsequent drying process. Currently, there are two main methods for modifying mica to adsorb DNA, including divalent cation-assisted adsorption and APTES-based chemical functionalization [28, 29] . Here, we used APTES to modify mica to yield a positively charged surface [6] . 2c shows the AFM image of APTES-coated mica surface, which is also clean and smooth. Fig. 2d shows the large size scan of plasmid DNAs on APTES-coated mica, clearly showing several plasmid DNAs on mica. We can see that the plasmid DNAs do not aggregate on the APTEScoated mica. Fig. 2e is the small size scan of a single plasmid DNA, clearly showing the circular structure of the plasmid DNA. Fig. 3 shows the AFM images of single plasmid DNAs obtained at four different scan forces, 100, 200, 350 and 500 pN. Fig. 3a-c show the AFM images of a plasmid DNA obtained at three scan forces (200, 350 and 500 pN) respectively. In order to analyze the influence of the scan force on the height of plasmid DNA measured by AFM, section curves at the same position of the DNA were obtained. The section curves taken along the red lines in Fig. 3a-c are shown under each image. The section curves show the heights of two points on the plasmid DNA. When the scan force is 200 pN, the heights of the two points on the DNA are 0.6 and 1.1 nm, respectively. When the scan force increases to 350 pN, the heights decrease to 0.55 and 0.9 nm, respectively. When the scan force is 500 pN, the heights become 0.45 and 0.9 nm. We can see that the increase of scan force caused the decreased height of DNA measured by AFM. The increase of scan force results in the larger compressed deformability of DNA, and thus the height of DNA decreases. Due to the fact that the large scan force may also cause damage to the DNA [14] , in order to further examine the adequate scan force of DNA imaging, we then imaged plasmid DNAs under the scan force of 100 pN, as shown in Fig. 3d , e. We can see that single plasmid DNAs are clearly visible. The section curves taken along the red line in Fig. 3d and the blue line in Fig. 3e correspond to the red and blue curves in Fig. 3f , respectively. We can see that the height of plasmid DNAs imaged under the scan force of 100 pN is further larger than that under the scan force of 200 pN. In order to maximally avoid the mechanical damage to plasmid DNA from the scanning AFM tip, the scan force was set to 100 pN in the following experiments. Fig. 4 shows the AFM images of plasmid DNAs which were not treated by drugs, characterizing the geometric features of the plasmid DNAs. We can clearly see the circular single plasmid DNAs. Besides, there are a few cross points (denoted by the red arrows in Fig. 4) on the plasmid DNAs. Researchers have used persistence length [17] , curvature [30] and bending angle [31] to represent the geometric feature of linear DNAs. Particularly, persistence length has been widely used to characterize the flexible mechanics of linear DNAs [32] [33] [34] . The persistence length of DNAs is commonly about 50 nm [32] . Several factors can cause the alterations of the DNA's persistence length, such as ionic strength [34] , temperature [35] and drug binding [20] . In order to extract the persistence length of DNAs, we need to calculate the contour length and end-to-end distance of the DNA from AFM images [20] . For plasmid DNAs, because there are often many curls (Figs 5-7) , it is difficult to calculate the contour length and thus measuring the persistence length of plasmid DNA is challenging. For plasmid DNAs, in 2013 Alonso-Sarduy et al. [9] used image processing to calculate the medium height of whole DNA. This method relies on converting the original AFM height image into a grayscale image according to a threshold and is relative complex. Here, we present a simple method to represent the geometric features of plasmid DNAs. Due to the circular characteristic of plasmid DNAs, we can draw a minimum rectangle which just contains the plasmid DNA, as shown in Fig. 4 . Then the length and width of the rectangle can be used to present the geometric features of the DNA. This method has been used in characterizing single cells in AFM images [36] . Here we use it to represent the geometric information of single plasmid DNAs. Fig. 5 shows the AFM images of plasmid DNAs after the stimulation of methotrexate. Two concentrations of methotrexate (1 and 5 ng μL −1 ) were used. Fig. 5a , b are the images of plasmid DNAs treated by 1 ng μL −1 methotrexate for 30 min. Comparing Fig. 5a , b with the AFM images of plasmid DNAs from the control group (Fig. 4) , we can see that some plasmid DNAs after the stimulation have no significant morphological changes (Fig. 5a) , while some plasmid DNAs have increased number of cross points (denoted by the red arrow in Fig. 5b ). Then we increased the concentration of methotrexate. Fig. 5c -e are the images of plasmid DNAs treated by 5 ng μL −1 methotrexate for 30 min. At this situation, we can clearly see that multiple plasmid DNAs twine together (Fig. 5c ) and the number of cross points of the plasmid DNAs significantly increases (Fig. 5d, e) . Further, we observed the dynamic dissociations of single supercoil plasmid DNAs after the stimulation of methotrexate, as shown in Fig. 6. Fig. 6a, b are the representative AFM images of supercoil plasmid DNAs without the treatment by methotrexate. The insets in Fig.  6a , b are the section curves taken along the red lines. We can see that the height of DNAs is significantly larger than 2 nm, indicating that they are bundled DNAs. A small plasmid DNA local loop is observed in Fig. 6a (denoted by the asterisk), which does not form supercoil structures. The height of the DNA local loop was about 0.6 nm (data not shown), which is comparable to the height of a single plasmid DNA. Besides, we can clearly see the helix structures of the supercoil plasmid DNAs (indicated by the arrows in Fig. 6a, b) . These demonstrate that they are supercoil plasmid DNAs, showing that the plasmid DNAs can form thick DNA rods by self-assembling. According to this characteristic, DNA molecules can be assembled into custom predesigned nanostructures and this is so-called origami [37, 38] . Supercoiling and changes in the supercoiling state are ubiquitous in cellular behaviors and affect virtually all genomic processes [39] . Supercoiling can lead to either activation or repression of transcription [40] . Fig. 6c, d show the AFM images of the supercoil plasmid DNAs after treatment with 5 ng μL −1 methotrexate for 30 min. We can see that after the treatment, supercoil plasmid DNAs disassembled and single plasmid DNAs are observed (Fig. 6c,  d) . Fig. 6e, f show the AFM images of the supercoil plasmid DNAs after treatment with 5 ng μL −1 methotrexate for 60 min. In this case, circular DNAs are not observed and disrupted linear DNAs are visible (denoted by the arrows). The results (Fig. 6 ) visually demonstrate that methotrexate can cause the disruption of supercoil plasmid DNAs. Methotrexate prevents cancer cells from sustaining purine and pyrimidine systems, which eventually inhibits the synthesis of DNA [25] . Studies have indicated that methotrexate is toxic to DNA [41] . Here, from Figs 5 and 6, we can clearly see that the stimulation of methotrexate can significantly cause damage to plasmid DNAs (especially the supercoil plasmid DNAs) at the single-molecule level, improving our understanding of the actions of methotrexate. Fig. 7 shows the AFM images of plasmid DNAs after the stimulation of cisplatin. Fig. 7a -e are the AFM images of plasmid DNAs after treatment with 5 ng μL −1 cisplatin for 30 min. We can see that the plasmid DNAs curl considerably and have increased number of cross points. Fig. 7f-h are the AFM images of plasmid DNAs after treatment with 5 ng μL −1 cisplatin for 60 min. At this situation, we can see that the plasmid DNAs are disrupted to linear DNAs. Fig.  7i -k show the section curves taken along the red lines in Fig. 7f -h respectively. We can see that the height of DNAs is comparable to that of single plasmid DNA measured by AFM (much less than 2 nm), indicating that they are disrupted single plasmid DNAs. This is in contrary to Fig. 6a,  b showing supercoil plasmid DNAs with the large height. Cisplatin has been used for treatment of numerous human cancers including bladder, head and neck, lung, ovarian, and testicular cancers [42] . It can crosslink with the purine bases on the DNA and cause DNA damage, which ultimately induce the apoptosis of cancer cells. In 2009, Hou et al. [19] investigated the effect of cisplatin on the morphology of linear DNAs by AFM imaging, showing that after the stimulation of cisplatin, DNA became more flexible and many local loops occurred. Here, we can also see that local micro-loops occur on the plasmid DNAs after the treatment with cisplatin (denoted by the arrows in Fig. 7a-e) . Though the plasmid DNAs from the control group also have local loops (denoted by the arrows in Fig. 4 ), but the number of local loops is significantly less than that treated by cisplatin, showing that cisplatin can cause the local curl of plasmid DNAs. Besides, like methotrexate (Fig. 6) , cisplatin can further convert the plasmid DNAs into linear DNAs (Fig. 7f-h) . The results visually provide novel insights into the dynamic actions of cisplatin. The rapid development of AFM in the past decade has contributed much to the cell and molecular biology [43] [44] [45] . AFM imaging especially time-lapse imaging can not only provide "visual evidence" for previously speculated molecular behaviors, but also reveal more detailed behaviors of the individual molecules [12] , facilitating us to investigate the relationship between molecular structures and functions. Fig. 8 shows the changes in geometry of plasmid DNAs after treatment by methotrexate and cisplatin respectively according to the method in Fig. 4. Fig. 8a represents the dynamic changes of geometric features of plasmid DNAs for different concentrations (1, 5 ng μL −1 ) and incubation times (30 min, 60 min) of methotrexate. We can see that as the increase of drug concentration and incubation time, both of the length and width of plasmid DNAs decrease gradually. Fig. 8b is the dynamic changes of geometric features of the plasmid DNAs for incubation times (30, 60 min) of 5 ng μL −1 cisplatin. We can also see that the geometric features (length and width) of the plasmid DNAs decrease as the increase of incubation time. The decrease of the geometric size indicates the shrinkage of plasmid DNAs. The statistical data in Fig. 8 show that the geometric features of plasmid DNAs presented in this work are sensitive to the external drug stimulations and the changes of geometric features are consistent with the morphology of single plasmid DNAs (as the curling and disruption phenomenon observed in Figs 4-7) , showing that the geometric features (length, width) extracted from the AFM images may serve as a potential effective and label-free biomarker for indicating the states of plasmid DNAs. By utilizing the geometric parameters, we may further develop quantitative methods to characterize the actions of drugs on DNAs, which may be useful for drug evaluation at the single-molecule level.
RESULTS AND DISCUSSION
CONCLUSION
In this work, AFM was used to visually and quantitatively investigate the interactions between chemotherapy drugs (methotrexate and cisplatin) and plasmid DNAs at the single-molecule level. By AFM imaging, single plasmid DNAs were clearly discerned on APTES-coated mica and drug-induced changes in morphology and geometry of plasmid DNAs were dynamically revealed. Both drugs resulted in increased local curling of the plasmid DNAs and even disruption of plasmid DNAs into linear DNAs. The geometric features (length, width) of plasmid DNAs extracted from the AFM images decreased significantly after the treatment with methotrexate and cisplatin as the increase of drug concentrations and incubation times. These experimental results deepen our understanding of the actions of methotrexate and cisplatin. Future studies will focus on applying the established procedure to investigate the interactions between plasmid DNAs and more drugs. These studies will be particularly useful for us to quantitatively understand the actions of DNA-related drugs at nanoscale.
